The mechanism of proton transfer in the reaction centers (RCs) from Rhodobacter sphaeroides was investigated by site-directed mutagenesis. Replacement of Glu-212 of the L subunit, a protonatable residue located near the secondary acceptor (QB) binding site, by glutamine reduced the in vitro electron turnover from cytochrome c to 2,3-dimethoxy-5-methylbenzoquinone (UQo) by a factor of 25. The electron transfer rate to QB remained essentially unimpaire.
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Consequently, it is postulated that the reduced turnover in the mutant is due to a reduced rate of proton transfer to Qj-. The lack of pH dependence of the forward electron transfer rate DQAQB --DQAQB and the back reaction rate D+QAQ-DQAQB (where D = primary donor and QA = primary acceptor) in the mutant RC indicate that the observed pH dependence in the native RC is due to Glu-212, which has an anomalously high pK. value of 9.5 1 0.3. These results support the involvement of Glu-212 as a proton donor to reduced QB.
The reaction center (RC) is a membrane-bound pigmentprotein complex that mediates the conversion of light to chemical energy. The RC from the photosynthetic bacterium Rhodobacter (Rb.) sphaeroides has been extensively characterized and consists of three polypeptides, L, M, and H; four bacteriochlorophylls; two bacteriopheophytins; and two ubiquinone molecules (for reviews, see refs. 1 and 2) . The primary photochemistry (3) in bacterial RCs involves the light-induced electron transfer from a primary electron donor, D (a bacteriochlorophyll dimer), through a series of electron acceptors (a bacteriopheophytin, OA, and a primary quinone, QA) to a secondary quinone acceptor, QB, which can accept two electrons (see Fig. 1 ). The doubly reduced quinone, QB-, then accepts two protons forming dihydroquinone, QH2 (4) . The QH2 is released into the membrane where it is reoxidized by the cytochrome b/cI complex (5) .
The protons that are taken up by Q2-come from the aqueous phase on the cytoplasmic side of the membrane and are released at the periplasmic side of the membrane following oxidation of QH2. Thus electron transfer in the RC results in proton transfer across the membrane. The proton gradient created by this process provides the driving force for ATP synthesis in photosynthetic bacteria (6) . The proton transfer to QB can be considered to be the primary proton transfer step in the formation of the chemiosmotic potential.
Because the QB binding site is in the interior of the RC protein, removed from the aqueous interface, proton transfer to QB must occur through the protein. The simplest mechanism for the transfer of protons would involve a channel through which water can travel. However, an inspection of the static RC structure shows no channel large enough for water molecules (7) . An alternate mechanism for proton transfer involves a chain of protonatable residues from the surface to the interior of the protein that form a path along which protons can be transferred. Such a mechanism, analogous to a "bucket brigade," has been proposed for proton transfer across biological membranes (8) (9) (10) and has been supported by observations on bacteriorhodopsin (11, 12) , lac permease (13) , and F1Fo ATPase (14) . Examination of the crystal structure ofRb. sphaeroides RCs has revealed regions containing protonatable residues that might serve this purpose (7) .
To investigate the mechanism of protonation of reduced General Strategy of Site-Directed Mutagenesis. A strategy similar to that described in ref. 17 was followed. In summary, this involved (i) construction of a Rb. sphaeroides deletion mutant, which lacks the genes for the native L and M subunits (puJL and puiM); (ii) incorporation of the mutation into the gene, using a synthetic oligonucleotide carrying the changed codon and single-stranded DNA isolated from a pUC119-based phagemid; (iii) transfer of the mutated gene into an expression vehicle, a broad host range plasmid (pRK404), capable of stable propagation in Rb. sphaeroides (pUC119 is not stable in Rb. sphaeroides) containing the puf operon, which can express pufL and puiM; and (iv) expression and isolation of the mutant RCs from the complemented deletion strain. All manipulations of DNA were performed as described (18), except as noted.
Deletion Strains. Two deletion strains of Rb. sphaeroides lacking most of pufL and all of puJM were used in these studies: strain ALM1 constructed in our laboratory ( Fig. 2a ) and strain PUFALMX21 (21) kindly supplied by J. Farchaus and D. Oesterhelt, which was used in the early stages of this project. Both strains contain a Km gene replacing the coding region from the Pvu II site (for ALM1) or the downstream Asp718 site (for PUFALMX21) in pufL through all ofpuJM to the Nru I site (Fig. 2a) . The deletion strains did not grow photosynthetically and showed no evidence of RCs when grown aerobically. Photosynthetic growth and RC production were obtained by complementation with a broad host range plasmid, pRK404 (22) , carrying the puf operon on a 4.3-kilobase-pair (kb) EcoRI-Nru I fragment, which includes the genes for the L and M subunits of the RC (Fig. 2b) . Mutagenesis. The oligonucleotide to direct the mutagenesis, 5'-CGGATCACCAGGATACGTT-3', was synthesized with the codon CAG for glutamine replacing the codon GAG for glutamic acid (23) . This mutation was incorporated into a 2.9-kb BamHI-Sal I fragment cloned into pUC119, using the Amersham oligonucleotide-directed mutagenesis kit, resulting in pUCGln (Fig. 2b) . Sequence analysis confirmed that the desired mutation and no others were within the 440-base-pair (bp) Asp718-Sal I region.
Expression Vehicle. The expression vehicle was constructed from the broad host range plasmid pRK404 by insertion of the pufoperon on a 4.3-kb EcoRI-Nru I fragment (Fig. 2b) . The mutation, introduced into pUCGIn, was moved into the modified vector pRKENKm, which contains the Km marker from pUC4K (19) in place of the pufL Asp7l8-Sal I coding region, via replacement of this Asp718-Sal I region (see Fig. 2b for details). Plasmid DNA was isolated from transformants that had a Tc-resistant Km-sensitive phenotype (Tc, 15 ,ug/ml; Km, 25 ,ug/ml). The plasmid construction was verified by the presence of the 440-bp Asp718-Sal I coding region and absence of the 1.5-kb Km gene. Asp718 recognizes two sites in pufL, the upstream site overlaps the sequence methylated by the dcm system of E. coli and consequently is protected from enzymatic digestion by Asp718 (20) . The 440-bp Asp718-Sal I region, coding for the N-terminal third of the L subunit, was removed and replaced with a Km marker from pUC4K, resulting in pRKENKm (Tc-resistant, Km-resistant). This plasmid contains an interrupted operon and hence cannot complement the deletion strain.
The mutation, indicated by an arrow ( I ) and an asterisk (*), was transferred from pUCGln into pRKENKm via Asp718 and Sal I digests and subsequent ligation.
Conjugation. The expression vehicle, pRKENGln, was first transformed into E. coli S17-1, which carries in its genome the genes necessary for plasmid transfer via conjugation (24) , and was then mated into ALM1 and PUFALMX21 essentially as described in ref. (26) . The pH of the solution was adjusted by adding acid or base to a mixture of buffers, consisting of Caps, Ches, Mes, Pipes, and Tris at 2.5 mM each. The forward rate constant of the second electron, kl44, was measured at 450 nm after two laser flashes in the presence of cyt c (50 ,uM) in TLE buffer (27) .
RESULTS AND ANALYSIS
Construction of the EQ212 Mutant. The gene coding for the L subunit of the RC was altered by in vitro mutagenesis by substituting glutamine for glutamic acid at position 212 (see Materials and Methods). The mutation was transferred into the Rb. sphaeroides deletion strains ALM1 and PUFALMX21, resulting in the Km-resistant strains ALM1(pRKENGln) and PUFALMX21(pRKENGln). These strains grew photosynthetically at high light intensity (I = 20 mW/cm2) with a substantially reduced rate (til2 = 2-6 days) as compared to the deletion strains complemented with the genes from the wildtype Rb. sphaeroides strain 2.4.1 (23) (ti/2 = 6-12 hr). The mutant EQ212 RCs were prepared from two separately isolated ALM1(pRKENGln) colonies and one PUFALMX21-(pRKENGln) colony. RCs were prepared from several different cultures (grown semiaerobically) of these isolated colonies. All preparations of the EQ212 mutant RCs showed the same characteristics.
Model for Electron Transfer and Proton Transfer. Proton transfer and electron transfer data were analyzed according to the models shown in Fig. 3 . The model for the native RCs (upper part of Fig. 3 ) is similar to that proposed by Wraight (4); the justification for the model for the EQ212 mutant RCs (lower part of Fig. 3 ) will be discussed later. These models are based on a photochemical cycle that involves photon absorption, electron transfer, and quinone exchange. The first four electron transfer steps, starting from the initial state DQAQB (boxed) in Fig. 3 , are the same for native and mutant RCs. After each photochemical oxidation of D, an electron is donated to the quinones (QA can accept one electron and QB can accept two electrons) and one cyt c molecule is oxidized by D+. The first photon drives the reaction to the state DQAQB. The second photon drives the reaction to the state DQAQ B. In native RCs, the fully reduced quinone picks up two protons to form QBH2, which dissociates from the RC and is replaced with Q to complete the cycle. If in the mutant RCs proton transfer to Q2-is slowed, the reaction would proceed instead to the state DQXQ2B-(see lower cycle in Fig.   3 ), resulting in a fast oxidation ofa third cyt c. Subsequent cyt c will be oxidized at a slower rate due to the slower formation of QBH2.
Cytochrome Turnover. RCs subjected to continuous illumination in the presence of cyt c and excess Q catalyze photooxidation of cyt c (monitored at 550 nm) coupled to the reduction of quinone according to the cycle shown in Fig. 3 . Native RCs (either Rb. sphaeroides R26 or 2.4.1) show a rapid cyt c photooxidation (Fig. 4) with a rate constant of 200 s 1 (at saturating cyt c and UQo concentration and light intensity). Mutant RCs exhibit very different kinetics (Fig. 4) . They show a fast (within 3 ms) initial photooxidation of 2.9 ± 0.2 cyt c per RC, followed by a slower phase with a rate constant of 7 ± 2 s-'. The fast oxidation of 3 cyt c indicates the rapid reduction of DQAQB to DQXQ2j-. The slow phase in the cytochrome photooxidation indicates a block in the turnover of the quinone. The reduced turnover rate is consistent with a block in the proton uptake step(s).
Electron (kH+) is fast compared to the rate of photon absorption under our measurement conditions. The EQ212 mutant follows the lower cycle in which the proton transfer rate (kH+) is slow compared to the rate of photon absorption. The models assume that electron transfer precedes protonation. Table 1 . Except for the large change in the cytochrome photooxidation rate, electron transfer rates are, within a factor of 2, the same for native and mutant RCs. This confirms the results from the turnover measurements, which show fast oxidation of 3 cyt c (Fig. 4) following electron transfer to the quinones. These rates were independent of the presence or absence of excess UQ10 in either lauryldimethylamine N-oxide or cholate detergent (at 0.025%).
pH Dependence of Electron Transfer. In contrast to the similarity in the rates of native and EQ212 RCs at pH 8, the rates differ at higher pH values. In native RCs both the forward electron transfer rate DQAQB -+ DQAQB (kAB; refs.
26 and 28) and the recombination reaction rate D +QAQB --DQAQB (kBD; ref. 26 ) are pH dependent (Fig. 5 ). This indicates interactions of QB with an amino acid residue with a pKa near 9.5. In contrast, kAB and kBD in the EQ212 RCs are essentially pH independent in the pH range from 7 to 11 (Fig.  5) . The values of kAB and kBD did not depend on the presence or absence of excess UQ10 or whether the detergent was lauryldimethylamine N-oxide or cholate (at 0.025%). These results suggest that the Glu-212 is responsible for the pH (Fig. 4) . This change in the turnover rate is not due to changes in the electron transfer rates between quinones, which remain relatively unchanged (see Table 1 ). Instead, we postulate that the mutation has altered the rate of proton transfer to the fully reduced Q2-.
An alternate explanation for the slow turnover rate could be a reduction in the exchange rate of the QH2 with Q. Proton uptake measurements are necessary to test these hypotheses. The altered phenotype is not likely to be due to mutations at a second site since RCs prepared from several isolates show the same characteristic rates.
The structure of the QB binding site in the RC (Fig. 6 ) suggests several possible mechanisms for proton transfer involving Glu-212. One mechanism involves the direct protonation of Q2B-by Glu-212. Since the carboxyl group ofGlu-212 is -4 A from the carbonyl group ofQB nearest to the Fe2 , this mechanism may require movement of the quinone or proton tunneling (29) . A second mechanism would involve the indirect protonation of Qj-by Glu-212, which would serve as a secondary proton donor, reprotonating the primary proton donor species. The structure of the QB binding site shows the quinone H-bonded to His-190 and Ser-223. One or both of these residues could serve as the primary proton donor species. An additional question is whether the transfer of the two protons to the quinone occurs in series or in parallel-i.e., whether there are one or two pathways for proton transfer to Qj-. An appealing possibility for a parallel mechanism is the direct protonation of Q2-by protons from the H-bonded His-190 and Ser-223 followed by reprotonation of these residues by separate proton transfer chains. His-190 could be reprotonated by a chain involving Glu-212 while Ser-223 could be reprotonated by another chain involving residues in contact with the aqueous exterior. The presence of two possible chains of protonatable residues was noted by Allen et al. (7) .
The electron transfer rate constants, kAB and kBD, are approximately pH independent in the mutant RCs in contrast to the strong pH dependence observed in native RCs (26, 28) . This suggests that the pH dependence of these rates is due to an interaction between Q-and Glu-212. The ionization of Glu-212 raises the energy (by electrostatic interaction) of the Q-state as suggested earlier (30) to explain the proton uptake measurements (30, 31) . The unusually high pKa value of -9.5 is due to the hydrophobic nature of the environment in the interior of the protein. The use of a strong acid in a hydrophobic environment is a means for optimizing the pKa of a proton donor species. A pKa value near 9.5 is nearly optimal for proton transfer to reduced QB. (A lower value would result in dissociation at physiological pH. A higher pKa value would increase the free energy for proton transfer to the reduced quinone.) The use of buried carboxyl groups to form a proton transfer chain has also been implicated in bacteriorhodopsin (11, 12) , the lac permease (13) , and the F1F0 ATPase (14) . Such groups may be a general feature of proton transport processes in proteins.
Several questions remain to be resolved. (i) Is the rate of quinone turnover in the mutant limited by proton transfer? (ii) What are the other groups involved in the proton transfer chain? (iii) Are there separate chains for each of the two protons or does proton transfer occur in series? (iv) Does proton transfer precede or follow electron transfer to QB? A full understanding ofthe mechanism ofproton transfer awaits the answer to these questions.
Note Added in Proof. Proton uptake measurements using both continuous illumination and single laser flashes show that the stoichiometry of rapid (<10 Ins) proton uptake by Q-is less in RCs of the EQ212 mutant (-1 H+/QJ-) than in native RCs (-2 H+/QJ-).
Electrochromic shift measurements at 760 nm, which monitor the negative charge on QB, show that in native RCs the charge on Qjdecays in <1 ms presumably due to rapid protonation, whereas in the EQ212 mutant the decay has a characteristic time of -0.15 s indicative of slow protonation. In addition, we have constructed a mutant in which Glu-212 has been replaced by Asp. RCs from this mutant have a saturating turnover rate ('100 s-1) close to that for native RCs (-200 s-1) consistent with the good proton donor properties of Asp. These three observations all support the hypoth-
